Abstract-In GaAs material, the radiation-induced degradations are demonstrated to vary according to the nonionizing energy loss (NIEL). But some discrepancies are still observed between experimental degradation measurements and predicted NIELs. The used displacement threshold energy varies, from one author to another, from 10 up to 25 eV. A measurement made with 60 Co gamma rays is used to investigate the relevance of the NIEL scaling law for both electrons and gamma rays.
I. INTRODUCTION

C
HARGED particles populating the radiation belts can induce hazards in space missions. The radiations can produce atomic displacements in the lattice of semiconductor materials used in onboard electronics. The resulting defects lead to performance degradation that can go as far as failures [1] . Atomic displacements are produced mainly by the heavy ions and the protons of the space environment. Electrons, due to their lower mass, have a reduced efficiency to produce damage, several orders of magnitude lower than those of heavy particles [2] . However, in certain conditions, because of their greater penetration capability, they can dominate the damage production. It is the case for geostationary or Global Positioning System (GPS) type orbits, for which behind some hundreds of micrometers of shielding, the electrons contribute the most to the displacement damage dose (DDD) [3] . As can be seen in Fig. 1 , for geostationary orbit, between 1 and 100 mils, the DDD is dominated by the contribution of the electrons. This is also the case for typical environment rich in energetic electrons such as the Jovian environment [3] . Lighter particles such as gamma rays are able to produce atomic displacements by means of secondary electron production [4] - [7] . For instance, 60 Co gamma rays, having an average energy of 1.25 MeV, produce, by means of photoelectric absorption, Compton scattering and pair production, a spectrum of secondary electrons in the [keV, MeV] range. It has been reported that the displacement damage effects caused by 60 Co gamma ray irradiation can be correlated with the effect of 1-MeV electrons [5] - [7] . Usually, the radiation-induced displacement damage testing is carried out with 1-MeV electron or 10-MeV proton irradiations. Nevertheless, alternative methods based on the use of 60 Co gamma rays sources have also been proposed [5] - [7] .
The ability of an incident particle to produce operational damage in many devices may be given by the nonionizing energy loss (NIEL). This term expresses the amount of energy deposited by an incident particle passing through a material and resulting in atomic displacements [2] . The theory of NIEL calculation is very well known [2] , [8] - [11] , but the correlation with degradation measurements still suffers some discrepancies [1] , [4] , [12] - [18] that can be attributed to different causes. The degradations of electrical parameters resulting from the electrically active defects produced in the semiconductor material are often scaled with the NIEL. However, this is a metric that provides the amount of atomic displacement induced by the incident radiation field and not the amount of active defects. The NIEL is strongly dependent on the displacement threshold value, T d , which is subject to uncertainty.
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Within matter, DDD can be dominated by the contribution of energetic electrons (∼MeV), which NIEL is closely dependent on the T d value. For most of orbits beyond some hundreds of micrometers, a change in the T d value will have a direct impact on the DDD level [14] . When the threshold displacement energy is doubled, the DDD can be reduced up to a factor of four (Fig. 1) . Therefore, the definition of T d is very important in evaluating the radiation effect on materials and devices and also in the NIEL calculation. Some authors address this issue by applying to the NIEL an experimentally determined device-dependent power factor [3] , [15] .
In addition, dispersion in the experimental data can occur for a variety of reasons. For instance, different electrical parameters can have different sensitivity to the damage production. Materials with different doping or impurity levels can respond differently to radiation-induced degradations [12] . The inability to accurately differentiate the effects from total ionizing dose and the total nonionizing dose effects in experimental degradation measurements is another issue. These uncertainties are especially important for light particles such as electrons and gamma rays for which the NIELs are strongly dependent on the displacement energy threshold T d . For instance, in gallium arsenide, the displacement threshold energy most commonly used is 10 eV [19] - [27] . But a relatively large scatter exists within the data [28] - [35] .
This paper aims at discussing the limits of the NIEL scaling approach in GaAs semiconductor with a focus on the electrons and 60 Co gamma rays. To first order, it is shown that, within experimental uncertainties, the data are compatible with the NIEL scaling law. Nevertheless, the need for precision in the definition of the threshold displacement energy is highlighted for electrons and gamma rays.
II. NIEL CALCULATION FOR GAMMA RAYS
A. Analytical Calculation
Gamma photons can produce indirect atomic displacements by means of secondary electrons that are capable themselves of displacing atoms by Coulombic interactions. Energetic photons (>keV) can undergo three types of interactions with electrons in a target: photoelectric absorption, Compton scattering, and pair production. For gamma rays produced by a 60 Co radiation source and materials with Z < 30, the predominant interaction is Compton scattering. For the sake of simplicity, the analytical expression presented here will take into account only the Compton electron contribution. We will see that this simple approach easily produces the right order of magnitude. A more accurate calculation, based on a Monte Carlo approach, which takes into account all the different contributions, is presented later in this paper.
The Compton scattering interactions lead to a broad secondary electron spectrum that spreads from a few kiloelectronvolts up to an energy close to the incident photon energy (∼1 MeV for 60 Co). This secondary electron background produces in turn point defects in the target materials. The amount of atomic displacements is a function of the secondary electron spectrum and of the capability of these electrons to produce Frenkel pairs (NIEL e ). The NIEL of gamma rays (NIEL γ ) is given by
where S c is the secondary electron spectrum and NIEL e (Q) is the NIEL of electrons at a given secondary energy Q. However, the Compton secondary electrons are slowed down by the target and intervening material. Most of secondary electrons have ranges of some hundreds of nanometers and are stopped close to the region where they have been produced. In thick targets, a steady state is reached between the production of secondary electrons and their absorption by the active material. This means that the secondary electron spectrum degrading the studied device depends on the nature and the thickness of the surrounding materials (covers, shieldings, etc.). Rigorously, one cannot absolutely talk about a 60 Co equivalent NIEL for a given semiconductor material. But as is shown later, if heavy materials are set aside, the nature of the material can be neglected to first order. And beyond few millimeters of material, the steady state is reached, which allows the definition of a 60 Co-equivalent NIEL. A simple estimate of the slowed down spectrum can be performed according to the method described in [4] and is presented in Fig. 2 . For the calculation, a production of gamma rays with an average energy of 1.25 MeV has been considered. A 2-mm aluminum equivalent aluminum shielding is assumed for the calculation. It corresponds to the practical range of secondary electrons (∼2 mm), i.e., all the electrons produced at a distance larger than the practical range of the most energetic electron of the Compton spectrum are absorbed by the shielding and will not contribute to the slowed down spectrum.
The parallelepipedic shielding is sliced into elementary layers in which the Compton spectrum is evaluated. Then, as described in Fig. 2 , the spectrum of each slice is transported Fig. 3 . Comparison of the secondary Compton electron spectrum calculated according to the Klein Nishina cross-section formula [36] and the slowed down spectrum calculated analytically. The agreement with the Monte Carlo simulation in [9] is relatively satisfactory considering the simplicity of the analytical calculation.
through the rest of the shielding down to the studied target. The slowed down spectrum that reaches the device is just the sum of all the transported spectra.
This calculation is performed using the Klein Nishina crosssection formula [36] to estimate the spectrum of Compton electron that is shown in Fig. 3 .
The secondary electron spectrum has been transported through thin foils of aluminum according to the transmission probability given in [37] and assuming a normal incidence. If the transmission probability of an electron of energy E γ through a shielding of thickness t is called η(E γ , t), the transmitted spectrum can be expressed by the following equation:
where Q is the energy of the transmitted electrons and
can be deduced from the range/energy relationship [38] . This analytical calculation leads to the slowed down spectrum presented in Fig. 3 (dotted line) in relatively good agreement (30% difference) with the Monte Carlo simulation in [9] (circles). The calculation method described here for aluminum will change little for the shielding materials having an atomic number Z >30, because the contribution of photoelectrons to the total slowed down spectrum becomes nonnegligible for such materials [5] - [7] . But, even if the calculation is not very accurate (30%), this method provides the advantage of being very easy to implement.
B. GEANT4 Calculation
More accurate calculations that include Compton scattering, photoelectric interactions, and pair production have been performed with the GEANT4 [39] - [41] Monte Carlo toolkit. Fig. 4 . Slowed down spectra calculated by GEANT 4 for secondary electrons generated by 60Co gamma rays in the aluminum shielding with thicknesses of 0.1, 0.5, 1, 1.5, 2, and 5 mm. Results are in good agreement with the result in [9] . The analytical calculation provides relatively satisfactory results.
The GEANT4 library (9.6 patch 02 version) [39] - [41] is a C++ toolkit, assembled by an international collaboration, that describes the interaction of radiation with matter. The slowed down spectrum produced by a unidirectional beam of 1.25-MeV gamma rays crossing an aluminum shield has been performed with GEANT4 and compared with the analytical model.
Analogously to the analytical approach, the Monte Carlo calculation simulates the irradiation of an aluminum target of a given thickness with a unidirectional beam of monoenergetic gamma rays (1.25 MeV). The energetic spectra of the secondary electrons produced in the shielding and the slowed down spectrum that irradiates the target are sampled. The calculations have been performed with the standard electromagnetic physics model of GEANT4 that include, by default, Compton scattering, photoelectric, and pair production interactions. The Compton scattering is clearly the dominant process. The contribution of photoelectrons becomes nonnegligible for heavy elements [Au and W (Fig. 7) ]. In that case, the photoelectrons represent ∼31.5% and ∼26.5% of the secondary electron spectrum for 0.1-mm Au and 0.1-mm W, respectively. The aluminum shielding thicknesses have been varied from 0.1 up to 5 mm (Fig. 4) ; 10 7 photons have been simulated at each run.
The slowed down spectra presented in Fig. 4 have been normalized per incident photon. The agreement with the Monte Carlo simulation in [9] is very good for the 2-mm shielding thickness. As can be seen in Fig. 4 , the analytical method, taking into account only the Compton electrons, provides a first-order evaluation, not so far from the full Monte Carlo approach.
Later, this calculated slowed down spectrum of secondary electrons is used to obtain the NIEL for 60 Co gamma rays.
C. NIEL for 60 Co
According to (1) , the secondary electron spectra calculated previously have been used to quantify the NIEL γ of the 60 Co gamma rays in gallium arsenide. Different electron NIEL curves have been used for the calculation. NIELs from different models have been tested [2] , [4] , [11] : Niel Evaluation Model of Onera (NEMO) [2] developed by ONERA (French aerospace lab.) and available since 2006 through the OMERE free package [42] , the SR-NIEL [43] developed by the INFN in 2014 that proposes, through a dedicated Web site, a screened relativistic (SR) treatment for calculating the displacement damage and nuclear stopping powers, and the reference work in [4] . Messenger et al. [8] , Akkerman et al. [9] , and Jun et al. [10] propose their own NIEL calculations based on similar models. The provided NIELs are very close to each other, and they are not presented here. As can be seen in Fig. 5 , NEMO [2] and SR-NIEL [43] simulation toolkits provide NIEL close to each other. The NIEL of [4] is slightly larger. But, the difference remains lower than 20% at worst.
The impact of the threshold displacement energy on the NIEL curves has also been studied. T d has been varied in the range [10, 25 eV] (Fig. 5) . Beyond 10 MeV, the use of different T d values leads only to slight differences in the NIEL (Fig. 5) . On the other hand, below 1 MeV, the NIEL depends strongly on the displacement threshold energy. The NIEL of electrons is an increasing function whose upper part is not much affected by the value of T d . However, the onset of the NIEL curve is strongly dependent on the T d value. From Fig. 5 , the monoenergetic-electron energy initiating displacement damage at approximately 0.3 MeV corresponds to a threshold displacement energy T d of ∼10 eV. This energy is changed to 0.55 MeV when T d is changed to 25 eV.
In this paper, a parametric study has been carried out to investigate the importance of the threshold displacement energy on the value of the 60 Co NIELγ in gallium arsenide. The 60 Co NIELγ values were evaluated with the slowed down spectra calculated with GEANT4 using 5-mm-thick aluminum shielding and the different NIEL e curves calculated previously. 60 Co NIELγ has been calculated in gallium arsenide for four (Table I) . NIEL values provided in [4] , [9] , and [44] have been added in Table I for comparison.
The NIEL in GaAs is commonly estimated using a threshold displacement energy of 10 eV for both Ga and As nuclei. Using these values, our calculation is in good agreement with the NIEL given in [9] . NEMO [2] and INFN-SR NIEL calculator give, respectively, 8.53 10 −8 and 9.1 10 −8 MeV.cm 2 /g (∼6% difference). These two values are close to the value given in [9] : 9.7 10 −8 MeV.cm 2 /g (∼13% difference). The value given in [44] is slightly higher: 1.42 10 −07 MeV.cm 2 /g (+∼60%). All these calculations provide a NIEL γ of 60 Co gamma rays in gallium arsenide around 50 times lower than the value of [4] that shall be rather regarded as an estimate of the equivalent 1-MeV electron DDD for 60 Co. The difference with the 60 Co NIELγ of [4] is, for an incident gamma photon, of a similar order of magnitude to the total probability to produce a Compton electron able to cross the shielding and reach the studied area.
As can be seen in Table I , the 60 Co gamma ray NIEL decreases with increasing T d values. It goes from ∼9 10 −8 down to ∼ 1,6 10 −8 MeV.cm 2 /g when T d goes from 10 up to 25 eV. The NIEL of gamma rays is strongly dependent on the T d value. Therefore, the selection of the threshold displacement energy plays a crucial role in the NIEL calculation for both electrons (below ∼1 MeV) and gamma rays.
III. EXPERIMENTAL DATA
In the case of gallium arsenide, Jorio [12] and Khanna et al. [13] , [45] reported a full set of data where the defect introduction rate plotted as a function of the incident energy is compared with corresponding NIELs (Fig. 6 ). These experimental data include measurements made with heavy ions, protons, neutrons, electrons, and gamma rays. In the case of cobalt-60 gamma photons, Khanna et al. [13] reported that the observed spectral signatures did not arise with electrons data until the samples were irradiated to extremely high levels (∼Grad). Both Ga vacancies and Si As acceptor sites that have been detected at high fluence level are not correlated with the decrease in the photoluminescence (PL) signal at lower fluences. The PL signal drops at fluences far below that at which radiation-induced Si As defects appear. This behavior could be due to the dissociation of complexes into point defects during annealing. In Fig. 6 , the 60 Co measured defect introduction rate is given before and after annealing [13] , [45] . These data have been compared with the diffusion length degradation measurements presented in [5] . The damage factors have been extracted from data in [5] and plotted in Fig. 6 for both electrons and 60 Co gamma rays. The y-axis unit being arbitrary, the comparison with the NIEL and the introduction rates in [13] and [45] have been performed by rescaling the diffusion length damage factor, in order that it coincide with the NIEL of 4-MeV electrons. These two sets of data are in relatively good agreement, even if the diffusion length damage factor of [5] is larger by a factor of two. The comparison with the NIELs is quite good, although, as reported in [5] , the reduction in diffusion length of electrons follows a quadratic dependence on this parameter (T d = 21 eV). In Fig. 6 , the 60 Co NIEL has been estimated for four different threshold displacement energies (10, 15, 21 , and 25 eV) for the whole energy range [0.5, 100 MeV]. For electrons, the experimental data are best correlated with the NIEL using a threshold displacement energy of 21 eV. For 60 Co gamma rays, the experimental data are best fit with a threshold energy between 15 and 25 eV (Fig. 6) . Fig. 7 . Slowed down spectra calculated by GEANT 4 for secondary electrons generated by 60 Co gamma rays in various materials. The broad low-energy spectrum is due to Compton scattering process. The peak of photoelectrons is visible around ∼1 MeV.
IV. DISCUSSION
The NIEL scaling approach is demonstrated to work relatively well for GaAs devices whatever the nature of the incident particles (Fig. 6) , even if some questions remain still opened for incident protons. The use of light particles, such as electrons and gamma photons, raises some other issues. Due to their low mass, these particles have difficulties to displace atoms and the amount of atomic displacements remains relatively low. The correlation of experimental data with NIEL laws suffers some uncertainties.
A. Shielding Thickness Uncertainties for Gamma Rays
The NIEL of gamma photons depends on the thickness and the nature of the material surrounding the active region of the devices. The test conditions of the data collected in the literature remain unknown. These test conditions can play an important role. The ionizing dose test standards [46] recommend the use of equilibrium materials in order to minimize the dose enhancement from low-energy scattered radiations. To reach equilibrium, the use of a container of at least 1.5-mm Pb with an inner lining of at least 0.7-mm Al is recommended [46] . The presence or not of this shielding will change the spectrum of the secondary electrons (Fig. 4) and is a source of error for our NIEL scaling analysis.
Hence, the nature of the shielding materials is a source of discrepancies. Fig. 7 shows the calculated slowed down spectra of secondary electrons produced by 1.25-MeV gamma rays in various materials. As can be seen from Fig. 7 , the slowed down spectra of secondary electrons depend on the nature of the materials in which they are produced. Up to 40% difference exists between heavy materials (Au and W) and lighter materials (Al and Si). The presence of metallization and/or some shielding materials on the device affects the final damage level. The thickness of this shielding material is another important parameter. As can be seen in Fig. 4 , at least 1 mm of aluminum is necessary to reach equilibrium. In Table II , the NIEL of 60 Co gammas in GaAs has been calculated as a function of the aluminum shielding thickness. T d = 10 eV has been chosen for the calculation, and the aluminum thickness has been varied from 0.1 up to 5 mm. The difference (NIEL/damage coefficient) with the measurements in [12] and [13] is reported in Table II . It is clear that the NIEL of gamma rays is very sensitive to the thickness of the shielding material that surrounds the active region of the device. In our case, the gamma NIEL calculated with the shielding thickness of 0.1 mm is the closest to the experimental values (Fig. 6) .
B. Scatter of Experimental Data
It is also noteworthy that these discrepancies can be associated with a scatter within the experimental results. As can be seen in Fig. 8 , the scatter within the data coming from different sources can be relatively large near the threshold (∼500 keV). It can be attributed to the different tested parameters. These different measurements present a relatively important variability related to their different sensitivities. Different electrical parameters are shown in Fig. 8 : conductivity for Thommen [20] , carrier removal rate in [30] and [32] , mobility in [32] , defect introduction rates in [21] , and diffusion length in [31] . Warner et al. [35] underline the fact that different electrical parameters associated with the same GaAs device seem to follow different energy dependences with NIEL. The photocurrent and photovoltage of GaAs solar cells seem to follow more likely a quadratic dependence with NIEL. The diffusion length degradation reported in [5] , and plotted in Fig. 6 , also follows a quadratic dependence with the NIEL. This suggests that different electrical parameters of the GaAs devices can have different sensitivity to the defect production. In addition, the tested materials are not exactly the same from one reference to another. Material type (epitaxi or bulk), the degree of purity, and the doping levels can differ. Khanna et al. [13] showed that the defect introduction rate strongly depends on the doping level. It can be multiplied by ten when the doping level of silicon is reduced from 10 16 to 10 15 cm −3 . The effect of annealing must also be taken into account. It can modify the nature of the produced defects and change the final damage level. Barry et al. [47] have shown that 95% of the damage introduced in GaAs LEDs irradiated with 60 Co gamma can be annealed either by heating to 200°C for 24 h or by forward biasing at 100 mA. This is contrary to what was observed in the case of higher energy electrons and protons, where half the damage can be annealed after 24 h and ∼60% after an additional 120 h [47] . Therefore, the damage produced by 60 Co gamma radiation seems to be more sensitive to the annealing processes. In that scope, the total ionizing dose and its deposition rate could be an important parameter that can impact the final damage level. All these factors lead to a relatively important scatter within the experimental data.
C. T d Uncertainty and Limitation of the NIEL Concept
The NIEL parameter can be regarded as a unifying and simplifying principle for predicting radiation damage to many solid-state devices. It is a very useful metric for predicting the radiation damage induced by a variety of high energy particles. It allows conducting a reduced set of radiation tests, with a few reference particles and a limited number of different energies. But the NIEL is not always representative of the measured degradation. More specifically, it has limitations in the lowenergy radiation regime where point defects may dominate the electrical degradation. The work reported in [17] indicates that there is strong uncertainty in calculation of electron NIEL at energies near threshold, and certainly that may include also gamma photons that NIEL depends closely on the value of T d , which is subject to a relatively large uncertainty. In addition, the NIEL parameter provides the number of atomic displacements induced by the incident radiation field and not the amount of stable electrical active defects responsible for the measured degradation.
Many authors tried to define experimentally the threshold displacement energy. From one author to another, T d can vary for GaAs from 10 up to 25 eV [19] - [35] . This leads to a large uncertainty in the definition of the NIEL for light particles such as electrons or 60 Co gamma rays. In the past, various methods have been employed to determine T d . Usually, the value of T d is deduced experimentally, by measuring the introduction rates of the various defects created by incident radiations (direct measurement) or by measuring the change in device characteristics such as the change in minority carrier lifetime, carrier removal, and mobility (indirect measurements). The degradation of these electrical properties is supposed to be proportional to the amount of defects present in the bandgap and consequently to the quantity of atoms displaced by the incident particles. Early, both resistivity and luminescence have also been used to monitor the defect introduction rate versus electron energy. But the results present a relatively large scatter [9, 15 eV] [25] .
Barry et al. [26] , by studying the change in carrier lifetimes in GaAs LED, indicate that the electron energy requires to create the damage in GaAs devices is approximately 270 keV, corresponding to a threshold displacement energy T d of ∼10 eV. Comparable values of T d (9-10 eV) has been obtained in [21] using deep-level transient spectroscopy. This more direct method is well adapted since it allows the measurement in thin layers of the concentration of defects. But even using this technique, some discrepancies exist between authors. Lehmann and Braunig [33] found a threshold displacement energy of 15.5 eV [29] . This value is comparable with the conductivity measurements in [20] that are best correlated with the NIEL using a threshold displacement energy of 15 eV (Fig. 8) . Meulenberg et al. [32] obtained a higher T d value thanks to mobility and carrier removal measurements in GaAs FATFETs. They concluded that the electrons with energies lower than 600 keV did not produce any damage in GaAs devices. That corresponds to a displacement damage threshold of around 25 eV [32] . A comparable value was obtained in [30] . This is slightly greater than the value of the threshold displacement energy measured in [28] and [29] (17-18 eV). Recent solar cell degradation measurements in [18] indicate a value of 21 eV, comparable with the 25 eV given in [31] . Classical Molecular Dynamic (MD) simulations give comparable results. Mattila and Nieminen [27] indicate that single recoils of 15 eV can produce directly antisite defects in the material.
In purely practical terms, the NIEL can be made consistent with the degradation measurements by adapting the threshold displacement energy T d . The data of Fig. 8 have been fitted with NIELs calculated with various T d values ranging from 10 up to 25 eV, in the range of the known uncertainty. The data of [21] with a threshold at ∼300 keV are adjusted with T d = 10 eV. The thresholds at 600 keV depicted by the data of [31] are best fit using T d = 25 eV (Fig. 8) . A similar work has been performed with the data of [13] (Fig. 6) . For their part, and according to each case, these data are relatively well reproduced with a threshold energy going from 15 up to 25 eV (Fig. 6 ). This remains within the experimental uncertainty of T d [10, 25 eV] .
Another approach has been proposed in the past, to make the NIEL correlate the experimental degradation measurements [15] , [48] - [50] . Many GaAs-based solar cell degradation measurements collected for years are not demonstrated to scale linearly with the NIEL. The data present a large scatter from device to device or even from one electrical parameter to another (I sc , V oc , P) [15] , [48] - [50] . The NRL had overcome this issue by applying a correction factor to the NIEL parameter (NIEL n ), in order to make the measured degradations proportional to the calculated DDD [15] , [48] - [50] . This approach applied to the data of Fig. 8 leads to a power factor n in the range [1] , [2] . This approach also has led to the definition of the concept of "equivalent" DDD [5] , [3] .
To conclude, and as already mentioned in [32] , the T d value chosen to fit the experimental degradation measurements with the NIEL has to be seen more as a mathematical construct useful for radiation degradation prediction, rather than a physical threshold displacement energy. Indeed, it is more likely to be representative of an average displacement energy rather than a threshold energy. A value comprised between ∼15 and 20 eV is the average value best suited for the data reported here.
V. CONCLUSION
The NIEL scaling approach is shown to work relatively well for GaAs devices for different particle species (heavy ions, protons, electrons, and gamma rays) even if some questions remain still open for incident protons. A focus has been made on electrons and 60 Co gamma rays. For gamma rays, the equivalent 60 Co-NIEL is demonstrated to be closely dependent on the threshold displacement energy. The nature and the thickness of the surrounding material are other parameters that can affect the equivalent NIEL calculation. The observed discrepancies, when compared with experimental data, can be due to the different test conditions that lead to a large scatter of the data. The measurements depend on different factors such as the type of devices and the measured electrical parameters. From the simulation stand point, a relatively large uncertainty on the value of the threshold displacement energy is observed. From one author to another, T d can vary from 10 up to 25 eV. This leads to a large uncertainty on the definition of the NIEL of 60 Co gamma rays.
